1 Bacterial-induced metamorphosis of larvae is a widespread cross-kingdom communication 2 phenomenon within the marine environment and critical for the persistence of many invertebrate 3 populations. However, the chemical structures of the majority of inducing bacterial signals and the 4 underlying cellular mechanisms remain enigmatic. Hydractinia echinata larvae transform upon 5 detection of bacterial biofilm components into the colonial adult stage. Despite serving as cell 6 biological model system for decades, the inducing bacterial signals remained undiscovered.
Introduction 3
The radical transformation (metamorphosis) of planula larvae into the adult stage is a critical step 4 in the life cycle of many marine species as it confers the propagation and persistence of the 5 population in the marine ecosystem. 1 For more than 80 years it has been recognized that 6 chemical signals present within marine bacterial biofilms induce or even prevent settlement and 7 metamorphosis in benthic marine larvae, 2-4 but their identification remains still a challenging task 8 due to low production levels and unestablished model systems. Hence, until today only very few 9 key bacterial signals have been structurally characterized. 5-7 A prime example represents the stimulates the P38 and MAPK signaling pathways. [13] [14] [15] However, bacteria not capable of 21 producing theses proteinaceous injection systems were also found to induce the transformation 22 releasing additional, yet structurally not defined morphogens. 16 
19
As depicted in Figure 1 , our bioassays resulted in the identification of five Hydractinia-associated 20 bacterial strains that caused up to 60% of all larvae to undergo complete transformation to the 21 primary polyp. Most notably, three strains (P1-9, P6-7, P1-29) rapidly induced the transformation 22 reaching the morphological stages 13-14 within 24 h. Additional five strains were found to induce 23 the transformation to stages 9-11 within the first 24 h, but subsequent development into the 24 primary polyp was only observed within 48 h. In addition, we observed that up to eleven strains 25 induced the transformation of larvae to morphogenic stage 9-11. However, neither of those 26 strains induced the full transformation to the primary polyp leading eventually to the death of the 27 transforming organism. In addition, six strains were found to be non-inducing and four strains 28 caused the death of up to 100% of all larvae within 24 h. The results of this study suggested firstly 29 that more than one structurally distinct bacterial signal might induce the transition and secondly 30 that the mode of action might differ depending on the structure of secreted molecule. Amongst all 31 tested strains, Pseudoalteromonas sp. P1-9 (referred from now on as P1-9) was found to induce 32 the most robust morphogenic response and thus was selected for further chemical analysis 
12
To test if the morphogenic cue of P1-9 is a secreted and/or a diffusible small metabolite, we first 13 tested solid-phase extracts (C18 cartridges) derived from liquid and plate cultures of P1-9.
14 However, none of the tested solid-phase extracts showed morphogenic activities compared to 15 living bacterial biofilms (positive control) (entry 3, Figure 2 ). We then tested if the signal is a 16 6 secreted high-molecular weight (HMW) biomolecule (e.g. protein, exopolysaccharides (EPS)) 1 and/or part of the bacterial membranes.
2
Size exclusion based separation of culture supernatants and cell membrane fragments resulted in 3 the isolation of a HMW fraction (> 30 kDa) that showed remarkably high morphogenic activity in a 4 dose-response manner (entry 5). In contrast, low-molecular weight fractions (< 5 kDa) showed 5 only moderate to very low morphogenic activities (entry 6). 
13
Enrichment of outer membrane vesicles and mini cells from culture supernatants by 
12
At this stage we questioned if the low solubility of (lyso)phospholipids might prevent the uptake 13 and perception by Hydractinia. Thus, we treated competent larvae with nitrobenzoxadiazole 14 (NBD)-labeled (phospho)lipids (18:1-12:0 NBD PG, 18:1-12:0 NBD PE or 12-NBD stearate 15 (Table S3 ), 25 nmol/mL) and found that all lipids were incorporated into the larvae membrane Table S3 ). Thus, it 21 was concluded at this stage that induction of metamorphosis by bacterial-derived phospholipids 22 presumably occurs by passive uptake of lipids into the larvae membrane, is strongly structure- 
Thus, we tested enriched phospholipid extracts (125 µg/mL lipid extract) of 16 different 13 Hydractinia-associated bacterial strains including strains that were found inactive in biofilm 14 assays for morphogenic activity ( Figure S13 ). Indeed, extracts of several different strains (P1-23,
15
SW13, P1-9, P. rubra, P3-9, P1-4-1a, P1-16) induced the transformation to the primary polyp 
12
Due to the inherent difficulties associated with the structural characterization of EPS in general 13 and from P1-9 in particular, we decided to examine structure-function relations using structurally 14 defined and more widely distributed bacterial polysaccharides (charged and non-charged). 
